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Abstract 
In this paper, the effect of air exposure and acetone cleaning on the secondary electron 
yield (SEY) of laser treated copper were investigated and discussed. The SEY of laser 
treated copper samples after acetone cleaning and air exposure were measured. After 10 to 
21 months air exposure, the maximum SEY increased by about 11%~20%. Furthermore, 
changes of carbon, copper, and oxygen chemistry states from sample surface after acetone 
and air exposure were studied by means of XPS. The XPS results show that the 
concentration of Cu decreased by about 61%~70% after acetone cleaning and decreased 
by a further 36%~70% after 10 to 21 months air exposure. Moreover, the XPS 
measurement reflects the significant increase of the total percentages of C and O after 
acetone cleaning, and further increase after 10 to 21 months air exposure. The increase of 
SEY is explained in terms of the introduction of impurities, such as oxide, carbide etc. 
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PACS: 29.20.-c Accelerators 
1 Introduction 
The electron cloud is a key problem in particle accelerators, which can cause the 
degradation of beam quality and limit the performance of particle accelerators with high 
energy, high intensity, high luminosity and long beam lifetime[1-8]. The methods of 
mitigating electron cloud effect have been studied by many researchers from several 
organizations, such as CERN[9, 10], STFC[11, 12], NSRL[13], KEK[7, 14], INFN[15], 
etc.  C. Yin Vallgren et al. found that a complete suppression of e-cloud can be achieved 
by amorphous carbon coating of liners[9]. Yusuke Suetsugu et al. tested the effectiveness 
of antechambers and TiN coating for the inhibition of electron cloud[14]. Valizadeh et al. 
proposed laser engineered surface technology to obtain low SEY surface[11, 12]. After 
laser treatment, the SEY of stainless steel, copper, and aluminum can be reduced to less 
than 1. Comparing to other methods for obtaining low SEY surface or materials, laser 
engineered surface technology has the advantages of no need for vacuum or clean room 
environment, highly reproducible, inexpensive etc. Taking these advantages into account, 
laser engineered surface technology is currently an ideal method to obtain low SEY surface. 
However, laser engineered samples will be exposed to air inevitably. Therefore, the 
influence of the air exposure on the SEY and surface composition of such samples is worth 
studying. Copper is used as the inner surface of beam screen [16, 17] due to its qualities 
for maintaining good vacuum environment, and handling heat load induced by synchrotron 
radiation etc. Therefore, copper plates and copper foils were used as the samples.                                                                     
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In the following, the SEY measurement parameters and XPS test results of laser 
treated copper samples are presented. The effects of the air exposure on the SEY and 
surface composition of laser-engineered copper samples are also discussed. 
2 Experimental 
2.1 SEY measurement method 
The SEY values obtained based on the principle shown in Eq. (1).  Here Ip, Is and 
If are the current of incident electrons, sample-to-ground current and Faraday cup-to-
ground current, respectively. The schematic of SEY measurement equipment is shown in 
Figure 1. The biased voltage on the sample holder is set to -18 V, with the distance between 
the faraday cup and the sample of 1 mm.          
𝛿𝑆𝐸𝑌  =
𝐼𝑓
𝐼𝑝
=
𝐼𝑓
(𝐼𝑓 +𝐼𝑠) 
                                         (1) 
The SEY test equipment consists of an EGPS-2B electron gun, Faraday cup, sample 
holder, two Keithley 6485 picoammeter, a source of X-ray, electron energy analyzer, 
electron detector, sample transfer frame, and power supply.  
 
FIG. 1. (Color online) The schematic of the SEY measurement equipment. 
2.2 SEY test parameters 
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The electron dose per unit was 7.6×10-8 C mm-2. The electron gun （Kimball, ELG-
2/EGPS-2）scans over an energy range of 50 eV to 1000 eV. In addition, the background 
pressure of the chamber before the SEY test was (4-8) ×10-10 Torr and (2-8) ×10-9 Torr 
during the SEY test. The test temperature was 300 K. 
2.3 Laser parameters for treating copper samples 
The rolled and electro-polished oxygen-free copper (Cu) samples were 
commercially available with high purity of 99.999%. The samples with the size of 20 mm 
×20 mm were degreased prior to laser engineering. The samples were cleaned with acetone 
and then were treated in air and at room temperature by pulses of a Nd:YAG laser. This 
laser was operated at various repetition rates (see Table 1). The diameter of the laser spot 
with a Gaussian intensity profile on each samples was set at 25 μm for λ=355 nm and 15 
μm for λ=1064 nm. The beam diameter, the scanning speed and the pulse repetition 
determine the pulse number reaching the samples. Different laser parameters used for this 
study are shown in Table 1. 
TABLE I. Laser parameters for laser treated copper samples. 
Sample Pulse 
duration 
/ps 
Spot 
/μm 
Scan 
speed 
/mms-1 
Wave 
length 
/nm 
Pitch 
spacing 
/μm 
Repetition 
/kHz 
Power 
/W 
#1 5 15 30 1064 5 100 5 
#2 2000 25 120 355 5 40 5 
#3 2000 25 90 355 5 40 5 
 
3 Results and discussion 
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3.1 SEY results 
The SEY of Samples is shown in Figure 2 (a) - (c) as a function of primary electron 
energy, δ(Ep) for the three different scan speeds. It shows that for the as-received sample 
the SEY remains below 1. Initially, the SEY rises when the primary electron energies is 
below 250 eV.  The rate of increase reduces towards the higher primary electron energy. 
The maximum SEY of as-received, after acetone and 10 months air exposure laser 
treated oxygen-free copper sample #1 were 0.92, 1.03 and 1.15, respectively, as shown in 
Figure 2(a). And the corresponding incident electron energies were 682 eV, 682 eV, and 
632 eV, as shown in Table 2. After acetone cleaning, the maximum SEY of as-received 
laser treated copper sample #1 increased by 0.11, about 12%. After 10 months air exposure, 
the maximum SEY increased by further another 12%, compared to that of after acetone 
cleaning. 
For sample #2, the maximum SEY of as-received and 20 months air exposure were 
1.04 and 1.20, respectively, as shown in Figure 2(b). The corresponding incident electron 
energies were around 982 eV, as shown in Table 2. After 20 months air exposure, the 
maximum SEY of as-received laser treated copper sample #2 increased by about 16%. 
For sample #3, the maximum SEYs of as-received and 21 months air exposure were 
0.99 and 1.19, respectively, as shown in Figure 2(c). Furthermore, the corresponding 
incident electron energies were around 982 eV, as shown in Table 2. After 21 months air 
exposure, the maximum SEY of as-received laser treated copper sample #3 increased by 
0.16, about 15%. 
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In order to analyze the reason for SEY increase, XPS was used to characterize the 
surface composition of laser treated copper under different conditions, such as acetone 
cleaning and air exposure. 
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(c) sample #3 
FIG. 2.  (Color online) SEYs of sample #1, sample #2 and sample #3 under different 
conditions as a function of primary electron energy with the same electron dose of 7.6×10-
8 C mm-2. 
TABLE II.  δmax and Emax for as-received, after acetone and after air exposure laser 
treated Cu samples #1, #2 and #3. 
Sample SEY 
parameters 
As received After 
acetone 
After air 
exposure 
 
Cu plate #1 
δmax 0.92 1.03 1.15 (10 months 
later) 
Emax (eV) 682 682 632 
 
Cu foil #2 
δmax 1.04 - 1.20 (20 months 
later) 
 Emax (eV) 982 - 982 
 
Cu foil #3 
𝛿max 0.99 - 1.19 (21 months 
later) 
Emax (eV) 982 - 982 
 
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
0 200 400 600 800 1000 1200
S
E
Y
Energy (eV)
As received 21 Months later
 8 
3.2 XPS analysis of laser treated copper samples 
The surface composition and chemical state on as-received, acetone cleaning and 
air exposure laser treated Cu samples was studied using XPS.  
Figure 3 represents the XPS survey spectra of copper samples #1 for the three 
different conditions. The copper signal at the surface is represented with two groups of 
peaks Cu 2p3/2 at 933 eV and Cu 2p1/2 at 953 eV due to spin–orbit coupling. The spectra 
exhibit creation of stoichiometric CuO at the surface. The shake-up satellite structure at a 
binding energy of 943 eV indicated that it consists mainly of cupric oxides. The presence 
of this satellite structure has been attributed to charge transfer transitions from the ligands 
(O2- ions) into the unfilled valence level of the Cu2+ ion[18]. Compared to the Cu/Cu2O 
peak, the broader peak shape of the cupric species is due to coupling between unpaired 
electrons[18, 19]. Oxygen O1s and carbon C1s are represented by peaks at 532 eV and 284 
eV respectively and their atomic percentages for each sample at different condition are 
presented in Table 3. The concentration of Cu under different conditions, as-received, after 
acetone cleaning, and 10 months air exposure were 78.7%, 29.1%, and 14.6%, respectively. 
The results show that the concentration of Cu decreased about 63% after acetone cleaning 
and 81% after 10 months air exposure. While, the concentration of Cu from as received 
laser treated copper foil samples were 23.2% and 18.8%, respectively. It indicates that the 
percentage of carbon-containing compounds and oxygenated chemicals from the surface 
of as received laser treated copper foils are much higher than that of as received laser 
treated copper plate sample, as shown in Table 3. 
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TABLE III. The concentration comparison of laser treated copper under different conditions, 
as-received, after acetone cleaning and ten months air exposure laser. 
Elements 
Conditioning 
Cu 2p  
At% 
C 1s  
At% 
O 1s  
At% 
N 1s 
At% 
 
Sample 
#1 
as-received 78.7 2.8 18.4 0 
after acetone 
cleaning 
29.1 17.3 53.6 0 
10 months air 
exposure 
14.6 38.7 46.8 0 
 
Sample 
#2 
as-received 23.3 28.5 48.2 0 
after acetone 
cleaning 
7.4 46.5 46.1 0 
20 months air 
exposure 
4.7 60.9 26.6 7.8 
 
Sample 
#3 
after acetone 
cleaning 
18.8 38.7 42.5 0 
21 months air 
exposure 
5.7 56.6 31.4 6.3 
 
The XPS spectra of the laser treated copper sample #1, under the conditions of acetone 
cleaning and air exposure are shown in Figure 3. The ratio of C, O and Cu elements for the 
surface of the as-received laser treated Cu were 2.8%, 18.4%, and 78.7%, respectively. 
After cleaning in acetone, the ratio of C, O and Cu elements on the sample #1 surface were 
17.7%, 53.6%, and 29.1%, respectively. After air exposure, these ratios were 38.7 %, 
46.8%, and 14.6% respectively, as shown in Table 3. In contrast with the surface 
composition of laser treated copper, the proportion of C and O increased significantly by 
about 6 times and 3 times respectively after acetone cleaning, probably due to the residual 
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of acetone. After 10 months air exposure, the proportion of C and O increased even further 
because of the further oxidation of Cu on the surface of the sample and the introduction of 
adventitious impurities.  
The increase of impurities containing C and O on sample surface after acetone cleaning 
may cause the increase of SEY of laser treated copper sample #1. Moreover, the further 
increase of SEY after air exposure may be caused by the introduction of impurities such as 
carbon, hydroxides, and oxy-organics on laser treated copper surface.  
 
FIG. 3. (Color online) The XPS spectra of (a) as-received (Red), (b) after acetone cleaning 
(Green), and (c) ten months air exposure (purple) from laser treated copper sample #1. 
3.2.1 Curve fitting of Cu 2p spectrum 
According to the XPS spectrums of as-received, cleaned in acetone and 10 months 
air exposure sample #1, it shows that the concentration of Cu under three different 
conditions are 78.7%, 29.1%, and 14.6%, respectively. This means that the content of Cu 
from laser treated copper sample #1 decreased by 63% after acetone cleaning. Then it 
reduced further to 14.6% after 10 months air exposure.   
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As shown in Figure 4, it is quite clear that there is a sharp peak here and the lost 
structure and the broader peak that can be associated with a two-plus state. It suggests that 
the percentage of cuprous (Cu I) and cupric (Cu II) of the as-received laser treated copper 
samples #1 were 18.7% and 81.3%, respectively. After acetone cleaning, they were 17.8% 
and 82.2%.  In addition, they were 17.9% and 82.1% after 10 months air exposure. 
Consequently, the percentage of Cu (II) after 10 months air exposure was very close to the 
one of as received laser treated copper sample #1, which indicate that there is no obvious 
further oxidation of Cu mental. 
According to the XPS curve fitting of Cu 2p spectrum from sample #2, it indicates 
that the percentage of Cu (II) after 20 months air exposure decreased slightly by 4% 
comparing with that from as received laser treated copper sample #2, shown in Figure 5. 
Therefore, it indicates that there is slightly further oxidation of Cu mental after 20 months 
air exposure. 
Figure 6 shows that there is no obvious peak shift for Cu 2p3/2 under three different 
conditions i.e. as received, after acetone, 21 months air exposure wrapped in aluminium. 
The percentage of Cu (II) from sample #3 is nearly 100%, which is the reason for no 
obvious peak shift.  This means the chemical state of Cu from as received copper sample 
#3 is cupric.  
Finally, it can be concluded that the chemical state of Cu is mainly cupric after laser 
treatment. The percentage of Cu (II) varied between 82%~99%. These results show that 
the percentage of Cu (I) and Cu (II) are similar, possibly slightly further oxidation under 
different conditions, which means that the oxidation states of the copper element after laser 
treatment are essentially stable. Therefore, the increase of SEY is mainly caused by the 
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introduction of impurities, such as oxide, carbide etc. Next, the XPS spectra of C and O 
from laser treated Cu sample will be analyzed. 
 
(a) 
 
(b)                                                                                 (c) 
FIG. 4. The XPS spectra of Cu 2p from laser treated Cu sample #1, (a) as received, (b) 
after acetone and (c) 10 months later. 
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(a) 
    
            (b)                                                                                               (c) 
FIG. 5. The XPS spectra of Cu from laser treated Cu sample #2, (a) as received, (b) after 
acetone and (c) 20 months later. 
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FIG. 6. The XPS spectra of Cu 2p from laser treated Cu sample #3, (a) red-as received, 
(b) green-after acetone and (c) blue-21 months later. 
3.2.2 Curve fitting of C1s spectrum 
The binding energy of C–C and C–H were close to 284.8 eV. As shown in Figure 
7, curve fitting of C1s spectra of laser treated copper samples under different conditions 
was performed by using the Gaussian (70%)–Lorentzian (30%) peak-shapes which was 
defined in CasaXPS as GL(30) and Shirley background subtraction. In addition, C-O-H, 
O-C=O, and C=O refer to alcohol, ketones, esters or acids, respectively. The XPS spectrum 
of C from laser treated Cu sample #1 shows that the total percentage of C-C and C-H from 
as-received,  after acetone and 10 months air exposure Cu sample, are 63.98%, 69.9%, and 
72.1%, respectively. The total percentage of C-O-H, O-C=O, and C=O are 36.02%, 30.1%, 
and 27.9% under different conditions. The comparison shows that the total percentage of 
C-C and C-H from as-received laser treated Cu sample #1 increases slightly after acetone 
cleaning and 10 months air exposure. Carbon is the adventitious contaminants for laser 
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treated copper sample and the percentage of C–C and C–H increased obviously after 10 to 
20 months air exposure. 
As shown in Figure 8, C–C and C–H is the main component of adventitious carbon 
for laser treated Cu sample #2, with a percentage of 64%~91%. After 20 months air 
exposure, the total percentage of alcohol, ketones, esters or acids was 8%. In short, it 
manifests that carbon-free environment is important for reducing the percentage of 
adventitious carbon.   
 
 
(a) 
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                                (b)                                                                           (c) 
FIG. 7. The XPS spectra of C 1s from laser treated Cu sample #1: (a) as received, (b) after 
acetone and (c) 10 months later. 
 
(a) 
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(b)                                                                                               (c) 
FIG. 8. The XPS spectra of C from laser treated Cu sample #2, (a) as received, (b) after 
acetone and (c) 20 months later. 
3.2.3 Curve fitting of O1s spectrum 
In Figure 9, the XPS spectra of O 1s shows that the percentage of copper lattice 
oxide from as-received,  after acetone and 10 months air exposure Cu sample #1 are 
47.44%, 41.20%, and 31.60%, respectively and, the total percentage of hydroxides are 
49.69%, 37.6%, and 66% under these three different conditions for sample #1. Moreover, 
for sample #2, the relative contributions of lattice oxide peak under three different 
conditions are 46.2%, 44.3%, and 44.0%, respectively as shown in Figure 10. Therefore, 
lattice oxide and hydroxides are the main components of the total oxygen signal and the 
percentage of water and organic O from both samples varied between 2%~10%. It suggests 
that the amount of water increases gradually with the increase of air exposure time.  In 
brief, it manifests that oxygen free environment is important for reducing the percentage 
of adventitious hydroxides.   
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(a) 
 
(b)                                                                                      (c) 
FIG. 9. The O 1s spectra of the laser treated Cu sample #1, from bottom to top: (a) as 
received, (b) after acetone and (c) 10 months later. 
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(a) 
 
    (b)                                                              (c) 
FIG. 10. The XPS spectra of O from laser treated Cu sample #2, (a) as received, (b) after 
acetone and (c) 20 months later. 
4 Summary and conclusions 
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The effects of acetone cleaning and air exposure on the SEY of laser treated copper 
samples were investigated and discussed in this paper. The following conclusions were 
obtained. 
(A) After 10 to 21 months air exposure, it indicates that the SEY of laser treated 
copper samples increases from δmax of 0.92, 1.04, and 0.99 to 1.15, 1.20, and 1.19, 
respectively.  The maximum SEY of laser treated copper increased by 11%~20% after 10 
to 21 months.  
(B) The XPS results show that the concentration of Cu decreased about 61%~70% 
after acetone cleaning and further decreased by 36%~70% after 10 to 21 months air 
exposure due to residual trace of acetone.  
(C) The XPS measurements reflect that the percentage of C significantly increased 
about 15%~19% after acetone cleaning, and further increased about 21%~26% after 10 to 
21 months air exposure.  
(D) The curve fitting of Cu 2p spectrum showed that chemical state of Cu is mainly 
cupric with a percentage of 82%~99% after laser treatment. And the curve fitting of C 1s 
spectrum indicated that C–C and C–H is the main component of adventitious carbon, with 
a percentage of 64%~91%. In addition, the curve fitting of O 1s spectrum manifested that 
lattice oxide and hydroxides are the main components of O, with a percentage of 31%~47% 
and 45%~50%, respectively. 
 (E) The increase of the SEY is explained in terms of the introduction of impurities, 
such as oxide, carbide etc. It manifests that carbon and oxygen free environment is 
important for reducing the percentage of adventitious hydroxides, C-C, and C-H. 
 21 
ACKNOWLEDGMENTS 
This work was supported by the key project of Intergovernmental International Scientific 
and Technological Innovation Cooperation in China under Grant No.2016YFE0128900, 
the National Natural Science Foundation of China under Grant No.11775166, No. 
11475166, No.11575214 and No.11205155. 
REFERENCES 
1    Bruning O., Numerical simulations for the beam-induced electron cloud in in the LHC 
beam screen. 1998: p. 332-334. 
2    V. Baglin et al, Beam-induced electron cloud in the LHC and possible remedies. 1998: p. 
359-361. 
3    Harkay and K.C., Theory and measurement of the electron cloud effect. Proceedings of the 
1999 Particle Accelerator Conference, New York, 1999, 1999: p. 123-127. 
4     O. Bruning et al, Electron cloud and beam scrubbing in the LHC. Proceedings of the 1999 
Particle Accelerator Conference, New York, 1999, 1999: p. 2629-2631. 
5     J. Weit et al, Electron cloud mitigation in the spallation neutron source ring. Proceedings 
of the 2003 Particle Accelerator Conference, 2003: p. 2599-2600. 
6    Rumolo et al., Electron cloud effects on beam evolution in a circular accelerator. Physical 
Review Special Topics - Accelerators and Beams, 2003. 6(8): p. 081002. 
7    Fischer W. et al., Electron cloud observations and cures in the Relativistic Heavy Ion 
Collider. Physical Review Special Topics - Accelerators and Beams, 2008. 11(4): p. 
041002. 
 22 
8    Demma T. et al, Maps for electron cloud density in Large Hadron Collider dipoles. Physical 
Review Special Topics - Accelerators and Beams, 2007. 10(11): p. 114401. 
9    C. Yin Vallgren et al, Amorphous Carbon Coatings for Mitigation of Electron Cloud in the 
CERN SPS. Proceedings of IPAC’10, Kyoto, Japan, TUPD048, 2010: p. 2033-2035. 
10    Costa Pinto et al., Carbon coatings with low secondary electron yield. Vacuum, 2013. 98: 
p. 29-36. 
11    Valizadeh R., et al., Low secondary electron yield engineered surface for electron cloud 
mitigation. Applied Physics Letters, 2014. 105(23): p. 231605. 
12    R. Valizadeh et al, Low Secondary Electron Yield of Laser Treated Surfaces of Copper, 
Aluminium and Stainless Steel. Proceedings of IPAC2016, Busan, Korea, TUOCB02, 
2016: p. 1089-1092. 
13    Jie Wang et al, Secondary electron emission characteristics of graphene films with copper 
substrate. Chinese Physics C Vol. 40, No. 11 (2016) 117003, 2016: p. 117003. 
14    Suetsugu Y.S. et al, Achievements and problems in the first commissioning of superKEKB 
vacuum system. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and 
Films, 2017. 35(3): p. 03E103. 
15    Cimino, R. and T. Demma, Electron cloud in accelerators. International Journal of 
Modern Physics A, 2014. 29(17): p. 1430023. 
16    Cimino R., V. Baglin, and F. Schafers, Potential Remedies for the High Synchrotron-
Radiation-Induced Heat Load for Future Highest-Energy-Proton Circular Colliders. 
Physical Review Letters, 2015. 115(26). 
 23 
17    Garion C. et al., Material characterisation and preliminary mechanical design for the HL-
LHC shielded beam screens operating at cryogenic temperatures. Advances in 
Cryogenic Engineering - Materials: Proceedings of the International Cryogenic 
Materials Conference (Icmc) 2015, 2015. 102. 
18    Kim, K.S., Charge transfer transition accompanying x-ray photoionization in transition-
metal compounds. Journal of Electron Spectroscopy and Related Phenomena, 1974. 
3(3): p. 217-226. 
19    A. Rosencwaig and G. K. Wertheim, X-ray photoemission satellites; surface or bulk effect? 
Journal of EIectron Spectroscopy and Related Phenomena, 1973. 1(5): p. 493-496. 
 
